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ABSTRACT
This thesis presents a practical method of authentication utilizing multiple devices. The
factors contributing to the practicality of the method are: the utilization of devices already
commonly possessed by users and the amenability to being implemented on a wide variety
of devices. The term “device” refers to anything able to perform cryptographic operations,
store data, and communicate with another such device.
In the method presented herein, multiple devices need to be associated with a single user
to provide this user an identity in the system. A public key infrastructure is used to provide
this identity. Each of the devices associated with a user possesses a public and private key
which allow cryptographic operations to be performed. These operations include signing and
encrypting data and will prove the identity of each device. The addition of these identities
helps authenticate a single user.
A wide variety of devices qualifies to be used by this authentication method. The mini-
mum requirements are: the storage of data such as a private key, the ability to communicate,
and a processor to perform the cryptographic operations. Smart devices possess these re-
quirements and the manufacture of such devices can be realized at a reasonable cost.
This method is malleable and implemented in numerous authentication protocols. This
thesis illustrates and explains several instances of these protocols.
The method’s primary novelty is its resistance to theft-based attacks, which results from
the utilization of multiple devices to authenticate users. A user associated with multiple
devices needs to be in possession of these devices to correctly perform the authentication
task. This thesis focuses on the system design of this novel authentication method.
v
CHAPTER 1
INTRODUCTION
Access control is a critical feature of a secure system, aiming to protect against unautho-
rized access. Diverse authentication methods are used to determine the identity of an entity,
which is authorized to access the secure system depending on the authentication results. An
entity is any active agent capable of performing computation where any sort of computation
is included, and the active agent computation can be a result of a human’s action [1]. The
authentication results are used by an access control system to determine the permission of
the entity requiring access.
1.1 Authentication
Authentication methods are diverse but generally belong to three main categories. Each
uses a particular attribute of the entity requiring access in order to identify it. These three
attributes, or factors, correspond either to something the entity knows (i.e. knowledge),
something the entity has (i.e. possession) or something the entity is (i.e. inherence) [2].
Although these categories are the most prevalent, others have been developed [3]. For ex-
ample, Denning and MacDoran [4] present a location-based authentication which could be
categorized in where the entity is (i.e. location).
A popular form of authentication is the pairing of a login and a password, which is used
by the majority of web services and organizations. However, some companies recognize the
weakness of a password and use an additional factor to identify individuals. This factor is
generally a security token but can also be a biometric trait. These authentication methods
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are subject to many vulnerabilities [5]. Biometrics, passwords and tokens are subject to
theft.
The most common knowledge-based authentication method is the utilization of a unique
combination of a login and a password. For example, to access a email account users have an
unique identifier and a secret password to validate their identity. This method can determine
the identity of a specific user, however the knowledge of a user can be used to determine
the affiliation of this user with a specific group. For example the utilization of CAPTCHA
attempts to separate human from Artificial Intelligence [6].
A physical key is a prevalent object to gain authorization to access a system. This old
technique is still in use and efficient. Physical objects have evolved as technology has been
developed. Users now have magnetic cards and electronic devices in their possession to be
identified. Many implementations have been developed, which serve diverse purposes, using
magnetic cards or electronic devices.
The inherence of a human can be, but is not limited to, the biometrics associated with
this particular human. Biometrics are the various measurements of biological and behavioral
traits specific to a human [7]. Authentication methods utilizing biometrics have been im-
plemented and are used. The common features used to identify a person are the following:
Voice, Eye, Face, and Fingerprint.
A multi-factor authentication method combines different factors from the three categories
presented previously. An example of multi-factor authentication is the utilisation of Auto-
matic Teller Machine (ATM). These machines require a card and Personal Identification
Number (PIN). So the two factors combined are:
• Possession (the card)
• Knowledge (the PIN)
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Any combination of two or more of these categories presented can be considered as multi-
factor methods. If another category is introduced it can also be argued that the combination
of this new category with any of the previous is multi-factor.
1.2 Emergence of Technology
Smart devices (e.g. smart watches, smart television) are popular, and even if they cur-
rently remain expensive, they are becoming more affordable over the years. Most people will
soon possess multiple electronic devices [8].
Since people start using multiple device the authentication method presented can be ap-
plied because it utilizes at least two devices in order to identify a user. The term “device”
refers to anything able to perform cryptographic operations, store some data, and communi-
cate with another such device. The requirements for a device to perform this authentication
method are not stringent and allow a broad range of devices to be used.
1.3 Approach
This thesis presents a novel, practicable, and robust method of authentication utilizing
multiple devices.
The factors contributing to the practicability of the method are: the utilization of devices,
commonly possessed by users and the amenability to implement on a wide variety of devices.
This method utilizes only one factor, twice.
A user can be associated with n devices and is required to perform the authentication
with m devices. m need to be greater than two, in order to maintain the robustness against
the theft of one device property of this authentication method. This authentication method
is robust against the theft of k devices with k < m. m can also be less than n to allow loss of
devices. A user can lose n−m and still be able to perform the authentication task because
this user still possess m devices.
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Authenticator
Device 2
Device 1
(1) Access request
(2) Nonce
(3) Nonce
(4) Nonce
(5) Access Notification
Figure 1.1. Overview of a specific simple authentication performed.
In a two-factor authentication method, if one factor is accessible by an attacker then this
attacker would still need the second factor. The authentication method presented here uses a
similar idea; if a user’s device is stolen, the attacker will still need a second device associated
with the stolen one. This method only uses one factor, but it can also be combined with
other factors.
In the Figure 1.1, an example of a protocol based on the authentication method presented
herein is illustrated. This specific protocol requires two devices to perform the authentication
task. The authenticator is the service in charge of authenticating the entity requiring access
to some protected resource(s). Any access request is redirected to this service. As shown in
the Figure 1.1, Device 1 is requesting access to some resource(s) through the authenticator.
Then the authenticator send back a nonce to Device 1. Now, Device 1 has to transmit
this nonce to Device 2. To complete the authentication task, Device 2 needs to send the
nonce to the authenticator. Finally, the authenticator notifies Device 1 if it can access
the resource(s) requested depending on whether or not the information received is correct.
These communications are signed and/or decrypted by the private key stored on each device
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during the registration phase. The communication between Device 1 and Device 2 does not
necessitate these cryptographic operations since the authenticator is not monitoring it.
This approach is generalized to an arbitrary number of devices. Instead of one response
from the additional device, the device which is not requesting access, the authenticator
requires multiple responses. This will be further explained in Chapter 4.
1.4 Attack Vector
An attacker could attempt to usurp a user’s identity by stealing a paired device. This
attacker would gain access to the private key associated to this device, which is the primary
tool to identify a user. Thus, in this paper, the theft of one device can also refer to the theft
of only the private key.
To effectively usurp the identity of a user, an attacker needs to gain access to multiple
devices associated with this user. The exact number is the number of devices required to
perform the authentication task. This number can vary depending on the specification of
the protocol, which will be explained in details in the following chapters.
1.5 Summary
This thesis focuses on the system design of this novel authentication method. Ca-
gri Cetin’s thesis focuses on the implementations of the authentication method presented
herein [9]. The novelty of this method is not the multiple utilization of the same factor, but
how this factor is used.
Various factors can be used in an authentication protocol, and the authentication proto-
cols presented herein utilize the possession factor. This factor has advantages and disadvan-
tages further explained Chapter 2 and Chapter 5.
This work provides evidence supporting the thesis that there exists a method of authenti-
cation based on n devices that is secure against the theft of k < n devices. The n devices are
the devices required to perform the authentication task. These n devices are, in the method
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presented herein, associated with a specific user. This association allows the authenticator,
which is the entity verifying the identity of a user, to determine whether or not a specific
user can access some resource(s).
The remainder of this thesis is organized as follows: Chapter 2 reviews the prior state
of the art, Chapter 3 details multiple protocols, using two devices, resulting from the au-
thentication method presented, Chapter 4 also details multiple protocols, but using three
devices, and then generalizes to an arbitrary number of devices, Chapter 5 analyzes the
current state of the novel authentication method, and then illustrates different instances of
utilization of this authentication method, and finally Chapter 6 proposes future research and
improvements that can be explored, and finally concludes.
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CHAPTER 2
RELATED WORK
Access control is an important field in which authentication is a crucial component. Both
academia and industry are actively working on improving current authentication methods.
There are several good textbooks surveying the field of access control [1, 10, 11, 12, 13].
2.1 Knowledge
Authentication methods can use specific knowledge to determine the identity of a user.
The most popular knowledge-based authentication method is the combination of a login and
password, but other popular methods using the knowledge of a user have been developed. For
example, challenge-response authentication methods provide a challenge, usually an image
or a question, that needs to be answered, by either identifying the image or answering the
question.
Some of the protocols implemented from this model are used to identify specific users [10].
However, not all the methods are used to verify the identity of a specific user; for example,
CAPTCHAs only differentiate humans from Artificial Intelligence [6].
2.1.1 Advantages
The popularity of passwords comes from the simplicity of implementation and deployment
of this method. Indeed, the minimum requirement is for the users to remember a string of
characters that the system also knows. This string can be restricted by the number or by
the type of characters in it, but this is an optional enforcement. This authentication method
can be implemented at a low cost.
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Another advantage for users is the possibility to reuse passwords for multiple systems.
Users can choose a universal password for all the applications they use. This factor is mainly
used for web services, with the combination of a login and a password. Thus, this method
allows users to access resource(s) from remote locations and with most electronic devices.
Sharing a password can also be considered an advantage. Two users may need or want to
share access to the same resource(s) and, therefore, can share a password to access it.
2.1.2 Disadvantages
Passwords need to be memorized, which can cause insecure behavior from the users. A
user can choose an easy password and reuse it for multiple systems. A password that is easy
to remember is often also a password easy for an attacker to guess. An attacker could either
use social engineering or brute force. Social engineering could be used to manipulate users to
give information from which that attacker would deduce their passwords. The re-utilization
of a password for different systems is not a good practice because if an attacker has a user’s
password for a specific system, then the attacker can access all systems where the user reused
this password.
CAPTCHA has been implemented in various ways. However, some of these implemen-
tations do not successfully distinguish humans [14, 15].
2.2 Possession
A physical key is the most popular token used in an authentication method. Tokens have
evolved and are present now as magnetic cards or electronic devices, often called security
tokens. The mechanisms used to verify the validity of tokens are various. For example, doors
usually require a physical key to unlock and the verification mechanism is the pins inside of
the lock that will open the door when aligned by the specific cuts on a key.
Magnetic cards can be used to unlock doors, and they became a popular alternative to
physical key due to the programmability of the card itself and the door readers. Magnetic
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cards are a good solution for many organizations that need rekeyable locks, such as lodging
organizations.
Security tokens have been recently developed and have different implementations. These
security tokens have to be carried by users to prove their identity. Two main implementa-
tions can be distinguished: symmetric and asymmetric key cryptography. In symmetric key
cryptography, a shared seed is used to generate a random number, and in asymmetric key
cryptography a private key is used to sign an authentication message [10].
2.2.1 Advantages
The noticeability of usurpation with this form of authentication is an undeniable benefit.
A missing object used to authenticate into a system can alert the user of a possible attack.
Also copying a security token can be argued as more difficult than the copying of a password.
Security tokens are supposed to be constantly carried by users, therefore an attacker must
physically access the tokens, which the users would notice.
2.2.2 Disadvantages
Many flaws persist in the actual electronic tokens available. Indeed, Biryukov, Lano, and
Preneel [16] have exploited some of the vulnerabilities specific to RSA SecurID, a popular
security token used in many organizations [3]. Also, providing an additional device to users
leads to inconveniences both on the user side and the provider side. The main inconvenience
for a user is the obligation to carry the token at all times; and if the user does not, the
security of the system is greatly weakened. On the provider side, the cost of the token is the
main issue.
Losing the token used to authenticate is inconvenient. The user cannot access the system
anymore and another token needs to be issued. This issuance of a new security token can
be long, and this loss represents a cost for the provider.
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2.3 Inherence
Inherence is a fundamental aspect of an entity. For a human, inherence can be a biological
trait or a behavioral feature. Various authentication methods have been implemented using
these aspects [7]. Some authentication methods use fingerprints, eyes, or faces to recognize
a specific user [17, 18, 19]. These biological traits are considered unique in order for an
authenticator to verify the identity of users. Biological traits are not the only inherence
factors used; behavioral features can be used. Signatures, for legal documents, are an example
of a behavioral characteristic. The combination of both behavioral and biological aspects
can be used such as voice recognition [20].
2.3.1 Advantages
An attractive aspect of this factor is its uniqueness. Biometric and behavioral traits used
in authentication protocols have been argued as unique for every human. Similarly to the
security token, some of the biometric traits can be noticed if stolen or copied. For example,
copying the iris of someone cannot be done by simply taking a regular picture of someone’s
face. The biometrics of human is also attractive because every human is supposed to have
the trait required.
2.3.2 Disadvantages
The cost of implementing authentication methods using biometrics, in particular, is usu-
ally expensive. Complex readers need to be developed and deployed to accept such factors.
Also, in some cases it is possible for someone to not have the biometric trait required.
The behavior of users is used as an inherence factor and argued as unique. For example,
the typing patterns called keystroke dynamics have been argued as unique and are used
by some authentication methods. However, Meng, Gupta, and Gao [21] proved, through a
teaching tool named Mimesis, that it is relatively easy to learn the keystroke dynamics of
a user in order to mimic them. Thus, even if a trait is unique it should also not be easy
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to reproduce. Signature authentication methods possess flaws because signatures need to
be checked. This verification can contain false positives. Indeed, M Kam, G Fielding, R
Conn, and K Gummadidala exposed this false positive presence in the verification process
of signatures [22, 23, 24].
2.4 Multi-factor Authentication
A multi-factor authentication method refers to a method combining different factors from
the three categories presented previously. A novel authentication method can be argued as
using a different factor than the ones presented, therefore any combination of this novel
factor with any of the three main factors can be considered a multi-factor authentication.
Bank cards are a good example of the combination of possession and knowledge. To use a
bank card, a user needs this card and also a secret that is either a Personal Identification
Number (PIN) or a signature. The possession factor is the bank card itself and both the
PIN and the signature are knowledge factors.
2.4.1 Advantages
Multi-factor authentication methods carry on most of the advantages of the factors com-
bined. In the example of a bank card, the noticeability of usurpation is present, if the card is
stolen, and using a signature or a PIN keeps the implementation simple. Also, since multiple
factors are used it creates multiple barriers to go through for an attacker. Thus, any proper
combination of two factors can be considered more secure than the use of only one of these
factors.
2.4.2 Disadvantages
Similarly, the advantages brought by combining factors, multiple factor authentication
carries on the weaknesses of the factors combined. Also, multi-factor authentication imple-
mentations are less user-friendly than implementations using only one of the factors used in
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multi-factor authentication. Combining a password and a security token is less user-friendly
than using only a password or only a security token.
2.5 Contribution to the State of the Art
The authentication method presented in this thesis utilizes the possession factor multiple
times. The advantages procured by the possession factor, such as noticeability of usurpation,
are present in this method. Some of the disadvantages brought by the possession factor, such
as the cost associated with tokens, is diminished by the utilization of devices already in the
users’ possession. The user-friendliness is enabled here by the possibility of not requiring
any action from the user. The access request, as well as the challenge, can be triggered by
a proximity based mechanism in some implementations. In the case where a user loses a
device, this user can still access the system if the number of devices required to perform
the challenge is less than the number of devices associated with this user. The method
presented can have various implementations, therefore some of these implementations may
be inconvenient in the case where a user loses one device. However, it is possible to design
a protocol in such a way that if some devices are lost, it does not affect the user as much as
a single security token protcol would. This specific design will be further discussed later on.
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CHAPTER 3
SYSTEM DESIGN FOR TWO DEVICES
This chapter presents the design of the authentication method. The authentication pro-
tocol resulting can differ, and this chapter presents only one specific protocol using two
devices. This authentication protocol necessitates the users to have their identities estab-
lished. The identity establishment, which is explained in detail in Section 3.1, is assumed
to be performed properly and the proper devices are associated. This protocol also utilizes
the public key infrastructure to provide an identity for each device which then provides the
identity of the entity using these devices. Therefore the public key infrastructure is consid-
ered sound and secure against network attacks. These assumptions are expected to hold in
any scenario and application of the method presented in this thesis.
The number of devices associated with a user depends on the specifications of the protocol
used. A minimum of two devices is required to perform the authentication task in order to
maintain the robustness against the theft of one device. The number of devices required to
perform the authentication task should not be greater than the number of devices associated
with each user, otherwise the authentication will not be possible. The maximum number of
devices associated with each user is set to two in this section.
This set is limited to two devices for simplicity and clarity, and in Chapter 4 the authen-
tication method is generalized to an arbitrary number of devices.
3.1 Identity Establishment (Device Registration)
In the multi-device authentication system presented each user needs to have an identity
in order to be authenticated. As explained previously two devices will be associated with a
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single user throughout this chapter. During this identity establishment private keys will be
generated for the associated devices. This thesis does not focus on the identity establishment
which can be done in various ways and is assumed to be performed properly.
3.2 Authentication Protocol
All authentication methods could be viewed as requiring a response to some challenge.
For example, the challenge can be to know a specific combination of a login and a password.
In another example, the challenge could be to provide a magnetic card containing unique
information. In a final example, the challenge can be to provide a specific fingerprint. The
challenge to resolve in this method consists of transmitting a nonce through the associated
devices. This nonce is subject to cryptographic operations in order to validate the devices
used.
The claim made in this thesis states that the authentication method presented is robust
against the theft of k devices with k being less than the number of devices required to
perform the challenge. In this specific protocol only two devices are required to perform the
challenge, thus k is equal to one.
3.2.1 Protocol
The high level process of the authentication protocol is illustrated in Figure 3.1 and
the low level cryptographic operations are detailed in the next section. In Figure 3.1, A
represents the Authenticator, D1 and D2 represent respectively Device 1 and Device 2.
The communications (2), (3), and (4) are all labeled nonce to understand that the nonce
needs to remain the same. However, cryptographic operations compute this nonce to verify
the validity of the devices used. These communications also contain extra information, such
as timestamps and unique identifiers for each device, which aid the identification of each
device.
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A D1 D2
(1) Acc
ess requ
est
(2) Nonce
(3) Nonce
(4) Nonce
(5) Access Notification
Figure 3.1. Authentication protocol requiring two devices with the nonce sent to the first
device.
3.2.2 Cryptographic Operations
In order to determine the validity of the devices performing the challenge, the Public Key
Infrastructure is used. Timestamps are used to detect relay attacks. The details of each of
the communications in Figure 3.1 include the following:
(1) Access Request
This communication is the notification to the Authenticator that Device 1 is attempt-
ing to access the system. This device needs to send a minimum amount of information
to the authenticator in order for the authenticator to retrieve the information associ-
ated with it. The information includes the public key of this device and may include
the second device associated with Device 1 along with other information such as an
identifier (e.g. a username).
(2) Nonce
This message contains the nonce but is encrypted with the public key of the recipient
device of this message. This encryption allows verification of the identity of the device
receiving the message. Without the private key the following communications will not
happen because the device needs to extract the nonce from this encrypted message.
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(3) Nonce
The designed proposed allows with or without any encryption and/or signature of this
communication, similarly to the previous or next communication. The encryption
would preserve the secrecy of the nonce but the authenticity is not monitored by the
authenticator during this communication. Therefore, this communication can differ
depending on the need and the implementation of the authentication protocol.
(4) Nonce
This communication is signed by the private key of the device sending the nonce.
This digital signature is used to prove the authenticity of the device. The signature
of the nonce can be verified with the public key of the second device.
(5) Request Notification
This communication is simply a notification of the authentication result. The device
will be granted access if the information received matches. If the information does not
match the authenticator can notify the device of the denied access, but could also not
send any notification. The protocol function with or without this last communication.
All communications, with the authenticator, in the protocols presented, are encrypted
and/or signed. Thus, if a communication is sent to an associated device, from the authenti-
cator, this communication is encrypted using its public key. If a communication is received
from an associated device this communication is signed with its private key. The several
protocols presented herein follow the same analogy in terms of cryptographic operation.
3.3 Alternative of the Authenticator Response
Answering directly to an inquiry is the norm, in regard to this convention the nonce is
sent to the device requesting access. However, the nonce could be sent to the second device.
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A D1 D2
(1) Acc
ess requ
est
(2) Nonce
(3) Non
ce
(4) Non
ce
(5) Access Notification
Figure 3.2. Authentication protocol requiring two devices with an alternative flow.
In Figure 3.2 an alternative of the authentication protocol is illustrated. The difference
with the previous protocol is that the second communication is not sent to the first device
but to the second device. This communication needs to be encrypted to verify the identity of
the second device, then the second device needs to forward the nonce to the first device which
has to sign this nonce to prove its identity. If the information received by the authenticator
match and is correct the first device can be granted access. All the communications of this
protocol need to follow the logic of the cryptographic operations described previously.
3.4 Communication Between Devices
The communication between the devices can be of various types. Any kind of com-
munication which allows the transmission of data can be used. The following presents a
non-exhaustive list of communication that could be used:
• Radio frequency
Bluetooth and Near Field Communication (NFC) are two protocols using radio fre-
quency to exchange data [25, 26].
• Sound waves
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Data can be exchanged through sound waves and these sound waves can be at a
frequency not audible by humans to avoid annoyance [27].
• Visual
An example of visual data exchange are Quick Response codes, which are machine-
readable images that contain information and can therefore be used for one direction
communication [28].
• Vibration
Vibrations can be used to transmit a message. The message transmitted should be
short otherwise this communication would be cumbersome. Some animals do commu-
nicate through vibration [29], thus this technique could be researched.
The communication between devices is flexible, and can be done via one of the previously
mentioned protocol of communication. This flexibility allows the idea proposed in this thesis
to be malleable, and accept a wide variety of devices.
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CHAPTER 4
SYSTEM DESIGN FOR MULTIPLE DEVICES
This chapter presents a specific protocol with three devices which is then generalized to
an arbitrary number of devices.
4.1 Identity Establishment
In the novel authentication method presented in this thesis, each user needs to be associ-
ated with some devices depending on the specifications of the protocol implemented. These
devices constitute the identity of each user. The identity establishment remains similar for
any number of devices. The identity establishment is not the concern of this thesis and will
be assumed to be performed correctly. Also a user without the required number of devices
associated can not perform the challenge required to be authenticated.
4.2 Authentication Protocol for Three Devices
In this section three devices are associated with each user in the protected system. The
authentication protocol is illustrated requiring also a minimum of three devices to perform
the challenge. In the case of a system associating three devices and requiring only two devices
to perform the challenge then the protocol is the same as previously presented in Chapter 3.
Thus, in the following section n = m = 3, with m being the number of devices required to
perform the challenge and n the number of devices associated with each user.
Since three devices are necessary to perform the challenge, the authentication protocol,
in this section, is robust against the theft of two devices. Thus, in this instance k = 2.
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A D1 D2 D3
(1) A
ccess
reque
st
(2) Nonce
(3) Nonce
(4) Nonce
(5) Nonce
(6) Nonce
(7) Access Notification
Figure 4.1. Authentication protocol requiring three devices.
4.2.1 Authentication Protocol Details
An example of a protocol using three devices is illustrated in Figure 4.1. This protocol
works as follows; The first device requests access to some resource(s), then the authenticator
sends the encrypted nonce to the first device, the first device needs to then forward the
nonce to the second device which has to forward to the third device and sign the nonce
before sending it to the authenticator, then the third device needs to sign the nonce and
send it to the authenticator. The access notification will notify the first device if the access
is granted or denied. The second device can first sign and send it to the authenticator and
then forward the nonce not signed to the third device.
This illustration is a specific example of the protocol requiring three devices to perform
the challenge. Different choices can be made on this protocol and these choices will be
covered in detail in the upcoming sections.
4.2.2 Alternatives of the Authentication Protocol
Similar to the alternative protocol presented in the previous chapter, the response from
the authenticator does not have to be addressed to the device requesting access. Also, since
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there are more than two devices the nonce does not have to be sent from one device to
another following a specific order.
The nonce can be transmitted in a different order from device to device. The only
necessary information to authenticate a user is the response of each device. Indeed, each
device needs to send to the authenticator credentials that allow the authentication of the
user. These credentials are explained in detail in Section 3.2.2.
Figures 4.2 and 4.3 are examples of these alternative protocols. The difference between
these two protocols is the fourth communication. This communication is sent from the third
device in Figure 4.2 and from the first device in Figure 4.3.
The response of the Authenticator does not have to be addressed to the device requesting
access. This alternative is similar to the idea presented in Figure 3.2 but in this case three
devices are used.
Figures 4.4 and 4.5 illustrate this alternative for three devices performing the challenge. In
Figure 4.4 the authenticator sends the nonce to Device 2, and in Figure 4.5 the authenticator
sends the nonce to Device 3.
4.3 Generalization of the Authentication Protocol
This section generalizes to an arbitrary number of devices associated with each user.
As previously stated a registration of the devices associated with a user needs to be
performed and this registration can be similar for any number of devices.
4.3.1 System Design for Multiple Devices
The authentication method presented in this thesis can result in various protocols. The
protocols presented can be extended with more devices. Each user can be associated with n
devices and the challenge can be performed by a specific number of m devices. m needs to
remain less than or equal to n; otherwise it would not be possible for a user to perform the
challenge.
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Figure 4.2. First three devices protocol with alternative order of transmission.
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Figure 4.3. Second three devices protocol with alternative order of transmission.
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Figure 4.4. First three devices protocol with alternative responses.
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Figure 4.5. Second three devices protocol with alternative responses.
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This method remains secure against theft of k devices where k is strictly less than the
number of devices required to perform the challenge. Thus k < m.
For example, each user is associated with five devices, and is required to perform the
challenge with three devices, thus n = 5 and m = 3. In such system a user can lose two
devices and still be able to perform the challenge. Also an attacker needs to steal three
devices to usurp a user’s identity therefore this specific method is robust against the theft
of two devices.
A user still can be able to perform the challenge even after the loss of n − m devices.
The number of devices that an attacker needs to steal in order to usurp a user’s identity is
m, thus authentication methods similar to the one presented are robust against theft of k
devices where k ≤ m− 1.
From the constraints enumerated previously the following inequation ensues: k < m ≤ n.
4.3.2 Alternatives of the Authentication Protocol
The alternatives presented previously on the authentication protocol can be applied for
a greater number of devices.
The response from the authenticator can be sent to any device associated with the user
of the device requesting access. This alternative is not always convenient because the user is
now required to perform the challenge with the device which received the nonce. The user
may not have originally planned to use this device to be authenticated.
The nonce can also be transmitted from one device to another in any order. This alter-
native is presented in Figure 4.2 and Figure 4.3 for three devices but can be generalized to
an arbitrary number of devices.
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CHAPTER 5
ANALYSIS AND APPLICATIONS OF THE NOVEL AUTHENTICATION
METHOD
The authentication method presented in this thesis is malleable and can be implemented
for various purposes. Applications of the authentication method are non-exhaustively pre-
sented in this chapter.
5.1 Analysis
An analysis of the idea presented in this thesis is done in this section.
5.1.1 Identity Establishment
Identity establishment is the process of giving an identity to users. This process is
also called registration. In the method presented, the identity establishment consists of
associating a user with multiple devices. This association can be performed by storing an
unique identifier, for example an email address, to represent the user and an unique identifier
for each device associated with this user, for example the media access control address
(MAC address) of these devices. In another method, for example, where the authentication
is done through the verification of a combination of a login and a password, the identity
establishment is the creation of this combination.
The identity establishment has been assumed secure. This assumption results from the
complexity of the Public Key Infrastructure establishment. Attacks during this phase are
possible.
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(5) Access Notification
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Figure 5.1. Authentication protocol requiring two devices with two access notifications.
5.1.2 Authentication of All Devices Performing the Challenge
The protocols presented only notify the device requesting access of the authentication
result. Thus, only this device is granted access in successful scenarios. Alternatively, other
devices performing the challenge with the device requesting access could be considered as
authenticated and granted access.
If a user wants to access some resources through two devices, the authentication needs to
be performed twice even if both devices are used for the first authentication. This alternative
can have advantages but needs to be studied to understand if any additional attack vector
ensue.
In Figure 5.1, both devices are notified of the authentication result. This notification can
allow both devices to access the resources requested by the first device.
5.1.3 Authenticator Response
Instead of answering to the device requesting access, the authenticator could send the
nonce to a different device associated with the same user. This alternative can create in-
conveniences for users. If the number of devices required to perform the challenge is less
than the number of devices associated with each user, then the authenticator could send the
nonce to a device that the user did not intend to use.
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For example, Alice has three devices D1, D2, and D3. In this example, the protocol
requires n = 3 and m = 2 ( with m being the number of devices required to perform the
challenge and n the number of devices associated with each user). In this particular case
Alice may want to only use D1 and D2 to perform the challenge however, the authenticator
could decide to answer on D3. This scenario is not convenient for Alice, who now has to use
D3.
5.1.4 Sound Waves as a Communication Between Devices
The devices used during the authentication can communicate through various channels.
Sound waves have been mentioned but not studied in this thesis. It is possible for devices
possessing a microphone and a speaker to communicate between each other. Also this
communication can be inaudible by humans [27].
5.2 Applications for Various Type System
The type of systems that can be protected by the authentication method presented herein
is wide. Any physical or digital resource(s) can be protected. The system needs to have an
authenticator and a database containing information about the devices associated with each
user. The authenticator and the users’ devices need to be able to perform computation,
store data and communicate with each other. The ability to communicate is also not strin-
gent because, as explained in Section 3.4, the communication can be of various forms, and,
as explained in Section 6.3, the devices can communicate with the authenticator through
another device.
5.2.1 Vehicles
Any kind of vehicle can be protected with this authentication method. Car, boat or
aircraft security can be enforced. Vulnerabilities on modern cars and their keyless entry
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system have been demonstrated [30]. Thus, the implementation of this method for vehicles
can be explored and analysed to determine how suitable it is.
5.2.2 Building Access
Most buildings are already protected by a type of access control. Most of them utilize the
possession factor through a physical key or a magnetic card for the authentication protocol
installed.
Magnetic cards are often used for their re-programmability property. This advantage
is present in the method explained. Users can be stored in a database managed by the
authenticator, therefore this database can be modified.
This method may not be suitable for personal houses because of the higher degree of
complexity compared to a physical key. Personal homes currently do not require a high-level
of security. However, some people could decide to implement this method for houses.
5.2.3 Web Services
Web services requiring authentication for users often use a combination of a login and a
password. This authentication method can be replaced by a version of the authentication
method presented herein. The protocol can be implemented in diverse manners depending
on the platform protected. An email service may not require the same degree of security as
an online banking service.
5.2.4 Personal Devices
A personal laptop can require a password in order to be accessed. The utilization of
additional devices, such as a tablet and a smartwatch can be the requirement to access a
laptop instead of a password or in addition to it. Any device similar to a laptop can also be
protected.
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In this instance, such protection is similar to a Digital Right Management protection
(DRM). Thus, DRMs can be replaced by this method. For example, a Compact Disc (CD)
could require the user to authenticate before being accessed. However, the implementation
needs to be well thought-out to avoid any harmful side effects [31].
Even if this method is robust, DRM will always be vulnerable to attacks because attackers
have physical access.
5.2.5 Various Protocol Configurations
This authentication method is malleable and can be implemented in various configura-
tions. This malleability results from the possibility to use a wide variety of devices. The
minimum requirements are: the storage of data (such as a private key), the ability to com-
municate, and a processor to perform the cryptographic operations.
Table 5.1 illustrates a non-exhaustive list of configurations where the authentication
method presented herein could be implemented. Also, Device 1 requests access to the pro-
tected system and permutation between devices is allowed if they can still communicate with
each other. Some communications are unidirectional, for example QR code.
Table 5.1. Examples of configuration using two devices.
System protected Device 1 Device 2 Device 3 Communication between
devices
Office Smartphone Smartwatch None Bluetooth
Car Smartphone Smartwatch None Bluetooth
Web service Smartphone Smartwatch Laptop Sound waves
Web service Smartphone Smartwatch Tablet Bluetooth
Web service Smartphone Laptop None Bluetooth
Web service Laptop Smartphone Smartwatch QR code
In every configuration, the authenticator can be included in the system protected. How-
ever, the authenticator can also be a separate entity which is only in charge of the identi-
fication. The authenticator is assumed to be able to communicate with at least one of the
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devices. In the case where the authenticator cannot communicate with one of the devices,
the other device will be used to relay the communication as presented in Section 6.3.
In the configurations where smartwatches or cars are used in combination with Bluetooth,
the assumption is made that either the authenticator can communicate through Bluetooth
or the communication is relayed by the other device. Also, smartwatches and vehicles can
possess WiFi in addition to Bluetooth.
5.3 Permissions
Most resources protected by an access control mechanism often possess methods to define
permissions and access rights for users. A popular example is a file system which can have
complex and well construct permissions. Another example is the Grey system [32] which can
assign access rights for office doors. This system uses electronic devices, more specifically
smartphones, to manage these rights.
The Grey system could be combined with the authentication method presented herein
to protect office doors. Other permission systems can also be combined to enable more
usability.
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CHAPTER 6
DISCUSSION
This chapter proposes future research and improvements that can be explored, and then
concludes.
6.1 Future Work
This section presents the ideas that can be explored in order to extend the authentication
method presented herein.
6.2 Device Duplication
A device can be purposefully duplicated to serve as a backup or as an alternative to
sharing a device with a user presented in Section 6.4. Doing so imparts both advantages and
disadvantages.
The advantages of duplicating a device include using the duplicated device as a backup
or as a shared device with another person. In the case of a shared device, only the main
user possesses the original device and does not have to lend it. This is desirable because the
original device may be a personal device that the user does not want anybody to access, so
having a separate device to lend is useful.
One disadvantage is an additional attack vector for each duplicated device. Also, the
authenticator is not aware of such duplication because the action of duplicating the private
key of a device cannot be monitored. In an instance where devices have been duplicated, an
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attacker only needs access to one of the duplicated devices, which is easier than accessing
all devices.
6.3 Relayed Communication
In Figure 6.1, an authentication protocol is presented where the first device is used as a
relay for the communication between the authenticator and the second device. There are two
possibilities of how this protocol can function. The first one functions as follows: the nonce
is addressed to the first device; therefore, the communications (2) and (3) are the same as in
Figure 3.1, and the communications (4) and (5) are actually the exact same communication.
The first device is used only as a relay to transmit the communication to the authenticator.
The second possibility is analogous to the first.
In a protocol implemented as illustrated in Figure 6.1, the timestamps need to be imple-
mented accordingly since the communication is relayed. For example, the fifth communica-
tion should not be allowed to be sent within a greater time interval than the others.
This protocol can be useful when a device cannot directly communicate with the authen-
ticator but can communicate with another device. An example of this scenario is the case
of a smartwatch that currently has only Bluetooth to communicate. Therefore, the authen-
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Figure 6.1. Authentication protocol requiring two devices with a relayed communication.
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ticator may not be able to communicate through Bluetooth, but with this specific protocol
the communication would be relayed by another device.
6.4 Shared Association of Devices
In some implementations a device could be shared between two users. A device can be
shared between both Alice and Bob. In this case the assumption is made that Alice will not
attempt to usurp Bob’s identity. Indeed, in the case of shared devices an insider attack is
possible.
For example, if Alice has D1 and D2 for associated devices and Bob has D2 and D3, they
can both access the system with D2 and their respective additional device. However, the
authentication cannot be successfully performed by using only D1 and D3.
This situation can occur when the system to protect is a car, and the car’s key could
be the shared device. Alice and Bob would have their own respective additional devices to
perform the authentication task.
6.4.1 Usability
The usability of the authentication method should be studied. This study could be
done on diverse implementations of this method in comparison with existing methods. For
example, the experimentation could measure the user-friendliness of the implementations.
6.4.2 Authentication from an Unknown Device
A desirable restriction in the authentication method presented in this thesis is that the
device requiring access must be an associated device. However, a user could want to access
resource(s) from a non-associated device. For example, in a computer lab, the computers
are shared between strangers.
In such scenario, the cryptographic operations need to change and be studied to reduce
the attack surface.
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Figure 6.2. Authentication protocol through an unknown device.
Figure 6.2 illustrates a specific example of an authentication protocol from an unknown
device. This protocol can vary according to the alternatives presented in Chapter 4.
6.4.3 Modification of the Set of Provers
The set of provers contains the devices associated with a specific user. To enable more
usability the possibility of adding or deleting devices should be possible. However, this
functionality creates a wide attack surface that needs to be studied. It should not be easy
for an attacker to usurp the identity of someone by obtaining access to one person’s devices,
adding the attacker’s devices, and then deleting the devices of the victim.
6.4.4 Continuous Authentication
A continuous authentication protocol can be implemented with this method. This au-
thentication method can either require an action or not from the user; thus the user could be
continuously authenticated. The server task would be to send the nonce within time inter-
vals and disconnect the user if one of the challenges is not performed properly. Any minimal
action from the user or none can be required. In continuous authentication methods, the
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task required to be performed by a user needs to not be obtrusive. For example, entering a
password every minute is not convenient for a user.
An instance of continuous authentication protocol could be a user with two associated
devices, a laptop and smart glasses, with the challenge being a QR code to scan. The user
would have to look at the screen of the laptop when the QR code appeared in order to com-
plete the authentication. The action is minimal and non-obtrusive. This instance requires
an action from the user, but if the protocol implemented uses Bluetooth communication, the
user is not required to perform any action.
6.4.5 Multi-factor Authentication
The method presented herein utilizes only one factor, which is the possession factor.
Thus, implementation of this authentication method could combine multiple factors. The
advantages brought by such combination should be studied and experimented.
6.5 Summary
This thesis focuses on the system design of a practical method of authentication utilizing
multiple devices. This practicality results from the malleability and the possibility of imple-
mentation on various devices of this method. Furthermore, the devices already in possession
of users can be used. The authentication method presented herein associates devices to
specific users to identify them. Each device possesses a private key which is used to perform
cryptographic operations. These operations authenticate each device and the addition of
each of these authentications allows the identification of the associated user.
This method is robust against theft-based attacks of k devices. Each user is associated
with n devices and then m devices are required to be authenticated. The following inequation
needs to hold: k < m ≤ n.
The authentication method presented herein is malleable and can be implemented in
various ways. These implementations could replace many existing authentication proto-
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cols, from the combination of login and password overused for web services, to simple locks
protecting houses, vehicles, and buildings. This authentication relies on the possession of
multiple electronic devices from users, which is becoming more common.
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